Cyclin-dependent kinases (CDKs) are protein kinases involved in cell cycle regulation and mRNA synthesis and processing (Johnson and Shapiro, 2010; Cicenas and Valius, 2011) . Aberrant expression or dysregulation of CDKs has been implicated in the pathogenesis and progression of multiple human cancers (Kusume et al, 1999; Kouroukis et al, 2003; Kim et al, 2008; Poomsawat et al, 2010) ; hence, the inhibition of CDKs is being extensively investigated as anti-cancer therapy. There are multiple CDK inhibitors in clinical development at the present time (Cicenas and Valius, 2011; Canavese et al, 2012) .
AT7519, a small-molecule multi-CDKs inhibitor, was synthesised using fragment-based medicinal chemistry approaches, linked to high-throughput X-ray crystallography (Wyatt et al, 2008) .
It potently inhibits CDK1, CDK2, CDK4-6 and CDK9 and shows strong anti-proliferative activity against a wide range of human cancer cell lines, including both solid tumours and haematological malignancies (Squires et al, 2009) . Furthermore, AT7519 induces apoptosis in both multiple myeloma cells and other B-cell malignancies by inhibiting RNA polymerase II phosphorylation (Santo et al, 2010; Squires et al, 2010) . Based on these encouraging pre-clinical activities, AT7519 is currently in clinical development. In pre-clinical studies, intermittent cyclic dosing schedules were found to provide the best efficacy and tolerability, thus, two phase I studies were initiated simultaneously to evaluate two intermittent dosing schedules (Squires et al, 2009) . A phase I study of AT7519 has been reported in which it was administered as intravenous infusion over 1 h on five consecutive days every 3 weeks (Mahadevan et al, 2011) . Unfortunately the study was discontinued without establishing the maximal tolerated dose due to dosedependent increases in QTc. In the current study, a second intermittent dosing schedule was evaluated, where AT7519 was administered on days 1, 4, 8, and 11 every 3 weeks. The primary objectives of the study were to evaluate the safety and tolerability of AT7519 administered in this schedule and to determine the recommended phase II dose (RP2D). Secondary objectives included determining pharmacokinetics and pharmacodynamics of AT7519 and collecting preliminary evidences of anti-tumour activities.
PATIENTS AND METHODS
Eligibility. Patients were eligible if they had histologically proven advanced solid malignancies or non-Hodgkin's lymphoma, refractory to standard therapies. For patients with solid malignancies, up to three prior chemotherapeutic regimens for metastatic disease were permitted, whereas the number of chemotherapeutic regiments including autologous stem cell transplant was not limited for patients with non-Hodgkin's lymphoma. Other key eligibility criteria included age X18 years, performance status (ECOG) 0-2, adequate haematological, renal and hepatic functions (absolute neutrophil count X1.5 Â 10 9 l À 1 , platelets X100 Â 10 9 l À 1 , bilirubin pupper limit of normal, aspartate transaminase /alanine transaminase p2 Â upper limit of normal or 5 Â upper limit of normal in patients with documented liver metastases, creatinine p1.25 Â upper limit of normal or calculated creatinine clearance X50 ml min À 1 ). Prior chemotherapy or radiotherapy must have been completed at least 21 days prior to study registration and patients must have recovered from side effects of previous therapies.
Patients were excluded if they had untreated brain or meningeal metastasis, or any other significant medical condition that could potentially affect safety. Patients with child-bearing potential had to use two forms of effective contraceptives. The study was approved by institutional review boards at both participating institutions and conducted in accordance with applicable federal and institutional guidelines. All patients gave written, informed consent prior to study initiation.
Study design and treatment. AT7519 was administered as an intravenous infusion over 1 h on days 1, 4, 8 and 11 every 3 weeks starting at a dose of 14.4 mg m À 2 . The starting dose was based on observations from the previous phase I study of AT7519 in which dose-limiting toxicity (DLT) was initially seen at 14.4 mg m À 2 per day Â 5 days (Mahadevan et al, 2011) . Doses were increased at 20-50% increments ( Table 2 ). The study treatment was continued until there was evidence of disease progression, unacceptable toxicity or withdrawal of consent. At least three patients were enroled initially at each dose level. If one out of three patients experienced DLT, at least three additional patients were enroled at the same dose level. For dose escalation to occur, no more than two out of six patients must have experienced DLT at that dose level. If Xtwo out of three or two out of six patients experienced DLT at a given dose level, that dose level was considered to be the maximally tolerated dose level and the next lower dose level was considered to be RP2D.
The DLT was defined as grade 3 or higher non-haematological toxicity (excluding alopecia or inadequately treated nausea and vomiting) related to AT7519, grade 4 neutropenia lasting X5 days, grade 4 thrombocytopenia, febrile neutropenia or thrombocytopenic bleeding requiring blood transfusion, persistent grade 2 or grade 3 or 4 neurotoxicity, any other toxicity of concern to investigators and delay of planned cycle 2 treatment for 414 days in cycle 1.
Assessment. Baseline assessments included a medical history, physical examination and laboratory investigations including complete blood counts with differentials, renal, hepatic and metabolic functions. Toxicity assessment was based on Common Terminology Criteria for Adverse Events , version 3.0, in each cycle. Radiological assessment was performed after every two cycles of treatment and response was determined according to Response Criteria for Solid Tumors version 1.1 (Therasse et al, 2006) . Pharmacokinetic analysis. Blood samples were collected from a peripheral vein prior to AT7519 infusion, 30 and 60 min into the infusion, and at 5, 10, 15 and 30 min, then 1, 2, 4, 6, 8, 24 and 72 h after completion of infusion on day 1, cycle 1. Plasma AT7519 concentrations were determined using a HPLC-tandem mass spectrometry method similar to that reported previously (Mahadevan et al, 2011) . Pharmacokinetic parameters were calculated using non-parametric methods (WinNonlin Version 5.3, Pharsight Corp., Mountain View, CA, USA).
Pharmacodynamic analysis. At the RP2D level, skin punch biopsies and tumour biopsies were obtained from consenting patients pre-and 24 h after the completion of AT7519 infusion. These samples were analysed for proliferating cell nuclear antigen (a cell proliferation marker), nucleophosmin (NPM, a direct CDK2 substrate) and Ki67 as described previously (Mahadevan et al, 2011) .
ECG analysis. After the completion of dose level 1, the study protocol was amended to exclude patients with congenital long QT syndrome, QTc X460 ms on baseline ECG, history of QT prolongation with other medications or on medications that potentially affect QTc intervals after one death was reported in a patient with progressive QTc prolongation from another phase I study (Mahadevan et al, 2011) . Furthermore, 12-lead ECGs were obtained immediately prior to, and immediately following, each AT7519 infusion on days 1, 4, 8 and 11 of cycle 1. A confirmatory ECG was obtained within 48 h if any QTc abnormality was detected. Machine recorded QT intervals with Bazett correction (Bazett, 1920) were collected. Finally, five patients at the RP2D level underwent 24 h ambulatory ECGs recording immediately after completion of AT7519 infusion on cycle 1. All ECGs recordings were reviewed by an expert cardiologist independent of the study.
RESULTS
A total of 34 patients were enroled, one patient withdrew consent and one patient was hospitalised prior to study therapy. Thus, 32 patients received study treatments (Table 1 ). Thirty (94%) patients had advanced solid tumours and two patients (6%) had nonHodgkin's lymphoma. Patients received a median of 2 prior chemotherapy regimens and one patient with non-Hodgkin's lymphoma had prior autologous stem cell transplant.
Patients received a total of 88 cycles of AT7519 (median: 2 cycles; range: 1-10) ( Table 2) . No DLTs were encountered at the 14.4 mg m À 2 dose level. Among the first four patients enroled at the 21.6 mg m À 2 dose level, one patient developed DLT (grade 3 rash, mucositis and infection without neutropenia). Three additional patients were enroled and none experienced DLT. One of the first three patients enroled at the 27.0 mg m À 2 dose level developed DLT (grade 3 mucositis and fatigue). Three additional patients were enroled, one of whom developed grade 3 aspartate transaminase elevation. However, the relationship of this event to AT7519 was not clear as the patient had coincidental viral infection at the same time. Another four patients were enroled at this dose level, and no patients experienced DLT. Therefore, AT7519M dose was escalated to 32.4 mg m À 2 . Among the initial three patients enroled, one patient experienced DLT (grade 3 fatigue). Two additional patients were enroled at this dose level, both of whom experienced DLTs (febrile neutropenia and grade 3 hypokalemia and mucositis). Therefore, the 32.4 mg m À 2 dose was declared the maximum tolerated dose and the 27.0 mg m À 2 dose the recommended dose for future phase 2 studies (RP2D). Five additional patients were enroled at the RP2D dose level and none of them experienced any DLT.
The most common adverse events are summarised in Table 3 . They included fatigue (53.1%), mucositis (53.1%), vomiting (34.4%) and nausea (31.7%). However, most of these events were grade 1 and 2 in severity, with o10% patients experienced grade 3 fatigue and mucositis. Anaemia (87.5%) and lymphopenia (84.4%) were the two most common haematological toxicities seen, with 37.5% of patients developing grade 3 or 4 lymphopenia. Common biochemical adverse events included elevations of aspartate transaminase and alkaline phosphatase, with grade 3 or 4 events observed in 9.4% and 15.6% respectively.
Serial on-treatment ECGs were available from 27 patients. All patients had baseline QTc p460 ms, and there were no QTc beyond 480 ms observed during the study. Among the 24 patients with baseline QTc p450 ms, 10 had transient QTc increases of less than 30 ms during the study. These changes were not associated with any clinically evident cardiac events. In addition, five patients at the RP2D level underwent 24-h ambulatory ECG monitoring after first AT7519 administration. There were no clinically significant QTc prolongations observed from these recordings.
Anti-tumour activity. Nineteen patients were evaluable for efficacy. There was no complete or partial response seen. Ten patients had stable disease as the best response (median duration: 3.3 months; range: 2.5 to 11.1 months). A 73-year-old patient with metastatic rectal cancer received 10 cycles of study treatment, with a best response of stable disease. This patient received radiation and three chemotherapy regimens prior to participating in this study. The best response was progressive disease in another nine patients.
Pharmacokinetics. Complete pharmacokinetic profiles were available for 29 patients. Following 1-h intravenous infusion, AT7519 rapidly distributes and its elimination follows first-order kinetics with a mean t1/2 of 13.1 ± 4.0 h (Figure 1 ). The plasma clearance was 0.28±0.26 l min À 1 m À 2 , and the volume of distribution was 289 ± 218 l m À 2 . The mean maximal concentration (C max ) at the RP2D level was 591±358 ng ml À 1 . There was an apparent dose proportional increase in AT7519 C max and plasma exposures (Figure 2 ). Pharmacodynamics. At the RP2D level, skin and tumour biopsies were obtained in four and three patients, respectively, pre-dose and 24 h after the end of AT7519 infusion. For skin punch biopsies, positively stained cells in a defined area of the epidermis were counted. There was no change in Ki67 in any patient. In contrast, proliferating cell nuclear antigen, another cell proliferation marker, was reduced in two patients; whereas pNPM, a direct CDK2 substrate, was reduced in three of four patients, and there was no change seen in the remaining patient (Figure 3) . For tumour specimens, only a percentage of positively stained cells can be estimated. There were no consistent changes observed for proliferating cell nuclear antigen, pNPM and Ki67 in any patient.
DISCUSSION
AT7519 is a potent inhibitor of multiple CDKs and is currently undergoing clinical development as an anti-cancer agent. A second dosing schedule was evaluated in this study. AT7519 was administered as intravenous infusion over 1 h on days 1, 4, 8, and 11 every 3 weeks. DLTs were mucositis, febrile neutropenia, rash and hypokalemia. These DLTs were similar to those observed in another phase I study (Mahadevan et al, 2011) . Based on these DLTs, the RP2D observed in this study was 27.0 mg m À 2 . AT7519 was well tolerated, with most non-haematological toxicities being grade 1 and 2 events. The most common nonhaematological toxicities were fatigue, mucositis and nausea/ vomiting. However, only 9% patients had grade 3 or 4 fatigue and mucositis. Anaemia and lymphopenia were common haematological toxicities seen in 87.5% and 84.4% patients, respectively. Furthermore, grade 3 or 4 lymphopenia occurred in 37.5% patients. These observations are consistent with pre-clinical observations where AT7519 was found to induce apotosis in B-cell leukaemia cell lines through the inhibition of RNA polymerase II phosphorylation (Santo et al, 2010) .
In the other phase I study, in which AT7519 was administered on five consecutive days every 3 weeks, seven dose levels were evaluated. Dose-dependent increases in QTc were observed (Mahadevan et al, 2011) . One patient death from QTc prolongation was reported at the 34 mg m À 2 per day, and the study was terminated without reaching the maximal tolerated dose level. Extensive QTc monitoring was performed during the current study, with serial ECGs performed. In addition, five patients had 24-h ambulatory ECG monitoring after the first drug administration at the RP2D level. No significant QTc prolongations were observed, indicating that the dosing schedule evaluated in this study is safe. AT7519 follows linear pharmacokinetics within the dose range investigated. The C max achieved at the RP2D was 591 ± 358 ng ml
In in vitro studies, anti-cancer activities were observed at concentrations above 100 ng ml À 1 . Therefore, biologically effective concentrations were achieved with the current dosing schedule. Similarly, the minimal effective biological dose was 28.8 mg m À 2 per day from the other phase I study. Although no partial response was seen, 10 patients had stable disease. One patient with metastatic rectal cancer achieved durable stable disease for 11.1 months. In addition, biological activity was seen. In paired pre-and post-treatment skin biopsies, three of four patients showed decreases in pNPM, consistent with CDK inhibition.
Despite the importance of CDKs in regulating cell cycle progression, targeting CDKs as a novel cancer therapy has been disappointing until recently. Among many CDK inhibitors evaluated, few have advanced beyond phase I/II evaluation (Galons et al, 2013) . This lack of success has been attributed to the fact that the ATP-binding pocket of CDKs has a high degree of amino-acid conservation, inhibiting this pocket thus frequently results in pan-blockade of multiple CDKs and consequently unfavourable toxicity profiles. Recent efforts have been focusing on identifying the precise role of each CDK that plays in cell cycle regulation and developing more specific inhibitors of these CDKs. For example, CDK4 is found to be critical in the development of HER-2-positive breast cancer and KRAS mutated lung cancer, wheras CDK6 is overexpressed in lymphoma (Nagel et al, 2007; Malumbres, 2012; Kollmann et al, 2013) . Specific inhibitors of CDK4/6, such as PD-0332991 and LEE011, are currently in clinical development and showing promising results (Vaughn et al, 2012; Finn et al, 2013) . AT7519 inhibits CDK4/6 with IC 50 of 100 and 170 nmol l À 1 respectively, which are well below levels achieved clinically (Squires et al, 2009 ). In addition, grade 3/4 lymphopenia were seen in 37.5% patients during the study, consistent with CDK6 inhibition. It is likely that AT7519 will have activity against B-cell malignancies by dual mechanisms of inhibiting CDK6 and inducing apoptosis by inhibiting RNA polymerase II phosphorylation (Santo et al, 2010) . Therefore, it is rationale to focus the future development of AT7519 in B-cell malignancies.
In summary, AT7519, when administered as an intravenous infusion on days 1, 4, 8 and 11 was well tolerated. The RP2D is 27.0 mg m À 2 . At this dose level, plasma AT7519 concentrations were above the biologically active concentrations, and preliminary anti-cancer activity was observed in patients. Phase II studies using this schedule are ongoing in patients with refractory multiple myeloma, chronic lymphocytic leukaemia and mantle cell lymphoma (NCT01652144 and NCT01627054).
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